The little red kaluta (Dasykaluta rosamondae) is a small, insectivorous-carnivorous dasyurid marsupial found in arid spinifex grasslands of northwestern Australia. Kalutas resemble other dasyurids in many aspects of their physiology. Body temperature (T b ; 33.5uC; 1.5uC lower than predicted), wet thermal conductance (1.6 J g 21 h 21 uC 21 ; 91% of predicted), and dry thermal conductance (1.22 J g 21 h 21 uC 21 ; 55% of predicted) are not significantly different from allometric predictions for marsupials in the thermoneutral zone (26-33uC). A significantly lower-than-expected basal metabolic rate (0.55 ml O 2 g 21 h 21 ; 58% of allometric prediction) and evaporative water loss (1.11 mg g 21 h 21 ; 39% of predicted) can be attributed to the combined effect of low T b and phylogeny. Physiological adaptation to aridity is further reflected by a substantially smaller body mass (35 g) than predicted by phylogeny (200 g), a thermolabile T b and use of torpor, which confer significant energy and water savings, and a high point of relative water economy (16.1uC).
The little red kaluta (Dasykaluta rosamondae) is a small (35-g) dasyurid marsupial that is abundant in the spinifex grasslands of the Pilbara region in Western Australia. First described by Ride (1964) as Antechinus rosamondae, it was reclassified by Archer (1982) into a new monospecific genus Dasykaluta based on morphological and molecular characteristics. There is little information concerning the biology of the little red kaluta. Nothing is known of its physiology, and its reproductive strategy is the best-known aspect of its biology (Woolley 1991) . Kalutas are monestrous, breeding during September, with a gestation period of around 40-60 days and lactation for 4 months. Like a number of other small dasyurids, kalutas undergo postmating die-off of males, with no adult males remaining in the wild population by the time the young are weaned. Kalutas presumably feed on invertebrates and small vertebrates and shelter among tussocks of woolly spinifex (Strahan 1991) . Their unusually robust morphology and aggressive behavior, as well as anecdotal feeding observations, suggest that kalutas are the most carnivorous of the small dasyurids, and that small vertebrate prey such as mice constitute part of their diet (Thompson and Thompson 2008; G. Moore, Murdoch University, pers. comm.) .
Environmental, ecological, and life-history parameters including diet and habitat aridity have been shown to influence mammalian physiological variables such as basal metabolic rate (BMR), thermal conductance (C), and evaporative water loss (EWL-Hart 1956; Lovegrove 2000 Lovegrove , 2003 McNab 1980 McNab , 1986a McNab , 2002 Scholander et al. 1950a Scholander et al. , 1950b White and Seymour 2004) . BMR and EWL are generally higher for mammalian species that feed on vertebrates, herbs, or nectar compared to those that feed on insects or leaves (McNab 1980 (McNab , 1986a Muñoz-Garcia and Williams 2005) . Arid-zone species generally have a lower BMR and EWL than species from more mesic environments (Bradley and Yousef 1972; Degen 1997; Hart 1971; Lovegrove 2003; MacMillen 1983; McNab and Morrison 1963; Noll-Banholzer 1979; Ostrowski et al. 2006; Williams et al. 2002 ; but see Williams et al. 2004 ). Thermal conductance is related to the thermal habitat (Scholander et al. 1950a (Scholander et al. , 1950b . Relative water economy (RWE; the ratio between metabolic water production [MWP] and EWL) also is related to environmental variables, with arid-zone species typically having a higher water economy than those from environments where water is freely available (Hinds and MacMillen 1986; MacMillen 1990; MacMillen and Baudinette 1993; MacMillen and Hinds 1983) . Similar correlates between environmental and physiological variables have been identified specifically among marsupials (Hulbert and Dawson 1974a , 1974b , 1974c MacMillen and Nelson 1969; McNab 1986b; Withers et al. 2006) ; arid-zone species and those from regions with high rainfall variability have low BMR and EWL. Diet also may influence BMR (McNab 1986b , but see Withers et al. 2006 ) and C, but not EWL . There are very few data currently available concerning RWE and its relationship with habitat for marsupials (see Cooper et al. 2005 Cooper et al. , 2009 ).
Here we present the 1st physiological data for the little red kaluta. We interpret these results with respect to our knowledge of its general biology and examine whether the physiology of this unusual and little-known species shows specialization to its arid-zone ecological niche. We report the occurrence of torpor for this species, and examine the effect of heterothermy on its metabolic and hygric physiology and RWE.
MATERIALS AND METHODS
Study animals.-Eight little red kalutas (7 males and 1 female) were collected near Red Hill Station (22uS, 116uE; 2 individuals) and Port Hedland (20uS, 119uE; 6 individuals), Western Australia, and transported to the University of Western Australia (Perth, Western Australia), where they were housed indoors in individual cages with a 12L:12D photoperiod and an ambient temperature (T a ) of ,20uC. The kalutas were fed a diet of minced meat, canned cat food, and mealworms, and were provided with water ad libitum. Experimental work met guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) , was approved by the University of Western Australia Animal Ethics Committee, and animals were held under license from the West Australian Department of Environment and Conservation.
Respirometry.-Metabolic rate (MR; oxygen consumption [ _ V V O 2 ] and carbon dioxide production [ _ V V CO 2 ]) and EWL were determined by standard flow-through respirometry. The respirometry system consisted of a mass flow controller (GFC17; Aalborg, Orangeburg, New York) that regulated the flow of compressed air through a tubular acrylic plastic metabolic chamber (,265 ml) at a rate of 350-450 ml/min. The metabolic chamber was placed inside a controlled temperature room, set to a T a of 11uC, 16uC, 21uC, 26uC, 31uC, 33uC, 35uC, or 38uC. Individuals were measured at each T a in random order. Excurrent relative humidity and T a were measured with a thin-film capacitance sensor (MNP 45A; Vaisala, Helsinki, Finland) , and a subsample of excurrent air was drawn through a column of drierite, an oxygen analyzer (OA174 or A184; Servomex, Crowborough, East Sussex, United Kingdom) and a carbon dioxide analyzer (Binos; Hereus-Leybold, Hanau, Germany, or Uras 10E; Hartmann and Braun, Frankfurt, Germany). The gas analyzers were interfaced to a PC via RS232 serial ports (1906 multimeters [Thurlby, Cambridgeshire, United Kingdom] , or a TBM859CF [Brymen, Taipei, Taiwan] for O 2 ; and BM202 [Brymen] for relative humidity, CO 2 , and T a ). Custom-written data acquisition software (Visual Basic version 6-P. C. Withers) was used to record O 2 , CO 2 , relative humidity, and T a every 20 s throughout the experimental period. The oxygen analyzer was calibrated using compressed nitrogen (0% O 2 ) and room air (20.95% O 2 ), the carbon dioxide analyzer with compressed nitrogen (0% CO 2 ) and a 0.53% CO 2 calibration gas (BOCS, Perth, Western Australia, Australia), and the relative humidity with dried atmospheric air (,1% relative humidity using drierite) and by breathing on the sensor (100% relative humidity). The mass flow meters were calibrated using a volumetric meter (Alexander Wright and Co., London, United Kingdom) corrected for room temperature and barometric pressure.
Kalutas were fasted for 24 h before the commencement of experiments. They were measured in the metabolic system for no less than 6 h at each T a , during their inactive phase (day) until _ V V O 2 , _ V V CO 2 , and EWL had become stable and minimal. At T a 5 11uC, 16uC, and 21uC, additional metabolic measurements lasting 24 h were conducted to obtain metabolic and hygric data during torpor.
, and EWL at each T a were calculated as a 20-min average over the period where they were stable and minimal. Calculations were after Withers (2001) and were accomplished using a custom-written data analysis program (VB version 6-P. C. Withers). Respiratory exchange ratio (RER) and evaporative quotient (EQ) were calculated as At the end of each experiment, the kaluta was removed from the chamber and its T b measured immediately using a plastic-tipped thermocouple inserted ,2 cm into the cloaca, with a Radio Spares 611-234 thermocouple meter (Radio Spares, Sydney, Australia). T b data were obtained for some torpid animals (for which it was certain that they had already attained a steady and minimal torpor MR and EWL) by removing them from the chamber, measuring their T b , and then returning them to the chamber to allow them to arouse.
Statistics.
-All values are presented as mean 6 SE, where N is number of individuals and n is number of measurements.
Effects of T a and torpor on physiological variables were examined with least-squares regression, analysis of variance with a priori contrasts and Student-Newman-Keuls post hoc tests, and t-tests with adjustment for inequality of variance (Ftest) if necessary. Statistical analyses were conducted using statistiXL (version 1.7; statistiXL, Nedlands, Western Australia, Australia) and SPSS (version 11 for Windows; SPSS, Inc., Chicago, Illinois).
To compare kalutas with other dasyurids, we used log 10 -transformed allometric analyses and examination of residuals with both conventional regression and phylogentically independent residuals from autocorrelation (Cheverud and Dow 1985; Rohlf 2001) . The data for physiological variables (T b , BMR, EWL, and C wet ) and phylogeny for 18 dasyurid marsupials were taken from Withers et al. (2006) with the addition of kalutas to the phylogeny based on Archer (1982) , Morton et al. (1989) , and Krajewski et al. (1992 Krajewski et al. ( , 1994 . The untransformed predicted value for kalutas was calculated using the minimum variance unbiased estimator Shonkwiler 2006, 2007) , and significance of its difference from the dasyurid regression was evaluated using the 95% prediction limits for an additional datum .
The phylogenetically predicted values of body mass and physiological variables were determined for kalutas using autocorrelation analysis (Cheverud and Dow 1985; Rohlf 2001) . Phylogenetically predicted values were calculated as the product of the trait values (e.g., mass) and a weighting matrix (calculated from the distance matrix of phylogenetic distances between each pair of dasyurid species) that is fitted as closely as possible to the actual trait values by iteration with a varying constant of proportionality (r). The scaled phylogenetic signal (k*) strength for numeric traits was tested with P calculated by randomly reallocating (1,000 times) sets of trait values to tips of the tree (Blomberg et al. 2003) . The categorical habitat trait (mesic or arid distribution) was tested after Vanhooydonck and Van Damme (1999) , again with 1,000 random tip reallocations.
RESULTS
The mean body mass of kalutas over all experiments (N 5 63, n 5 8) was 35.5 6 0.63 g (range 27.5-47.8 g). For the dasyurid data set, body mass ranged from 7.1 g (long-tailed planigale [Planigale ingrami]) to 5,774 g (Tasmanian devil [Sarcophilus harrisii]). There was a strong phylogenetic signal for dasyurids in body mass (k* 5 1.54; P , 0.001) and habitat aridity (P 5 0.047). The phylogenetically predicted body mass for kalutas was 200 g.
Thermal and metabolic physiology.-Kalutas all rested within the metabolic chamber during measurements, sleeping curled in a ball at T a , 26uC, and lying stretched out at T a ! 31uC. Thermoneutral T b of kalutas (at T a 5 31uC) was 33.5uC 6 0.30uC. There was a highly significant positive effect of T a on T b of kalutas (F 5 19.6, d.f. 5 7, 55, P , 0.001; Fig. 1A) , with significant linear and cubic terms (polynomial contrast; F 5 122.5, d.f. 5 1, 56, P , 0.001 and F 5 10.4, d.f. 5 1, 56, P 5 0.002, respectively). Kalutas were quite thermolabile, becoming hypothermic at low T a and hyperthermic at high T a ; T b changed by over 0.32uC/uC from T a 5 11uC to 35uC. T b remained fairly constant at T a 5 16-31uC, but declined at T a 5 11uC (Helmert contrast, P , 0.001) and increased at T a 5 35uC and 38uC compared to the previous lower temperature (repeated contrasts P 5 0.002).
There was a significant relationship between T b at thermoneutrality and log mass (log M) for dasyurids by conventional regression (T b 5 33.9 + 0.74 log M; R 2 5 0.37, F 5 9.9, d.f. 5 1, 17, P 5 0.006). Thermoneutral T b of kalutas was 1.5uC lower than predicted from this allometric relationship (35.0uC), but was above the lower 95% prediction limit for the regression of 33.4uC . There was a significant phylogenetic signal in T b for dasyurid marsupials (k* 5 0.30, P , 0.001), and for mass-corrected T b (uC/mass 0.742 ; k* 5 1.18, P , 0.001). The relationship between phylogenetic residuals for T b and mass was not significant (F 5 1.5, d.f. 5 1, 17, P 5 0.243). The kalutas had a phylogenetically predicted T b of 35.6uC.
The thermoneutral zone extended from T a 5 26uC to 33uC, with the minimal _ V V O 2 of 0.55 6 0.043 ml O 2 g 21 h 21 , which we define as BMR, at 31uC. MR of kalutas was significantly affected by T a (F 5 63.9, d.f. 5 7, 55, P , 0.001; Fig. 1B 
with T a , and so _ V V CO 2 data are not presented separately here. However, RER did increase linearly with increasing T a (F 5 8.81, d.f. 5 1, 61, R 2 5 0.126, P 5 0.004), ranging from 0.74 6 0.019 at 11uC to 0.85 6 0.031 at 38uC.
There was a significant relationship between log 10 BMR (ml/h) and log 10 body mass for dasyurids by conventional regression (log 10 BMR 5 0.367 + 0.736 log 10 M; R 2 5 0.98, F 5 866, d.f. 5 1, 17, P , 0.001). BMR of kalutas was 59% of that predicted (33.3 ml/h) from the dasyurid regression, and fell below the lower 95% prediction limit. When the BMR for all dasyurids was corrected to a T b of 35uC using a Q 10 (thermal coefficient) of 2.5 (Guppy and Withers 1999), BMR of kalutas was still 67% of predicted, but this was just above the lower 95% prediction limit. There was a significant phylogenetic signal for BMR (k* 5 1.31; P , 0.001), but no significant phylogenetic signal for BMR independent of body mass (ml g 20.736 h 21 ; k* 5 0.376, P 5 0.375). The phylogenetically predicted BMR of kalutas was 77.6 ml/h. The strong allometric relationship for BMR remained after phylogenetic correction, log 10 BMR 5 0.041 + 0.720 log 10 M (R 2 5 0.91, F 5 172, d.f. 5 1, 17, P , 0.001). The phylogenetically corrected BMR of kalutas was 26% higher than predicted for dasyurids, but was within the 95% prediction limits.
There was a highly significant effect of T a on EWL (F 5 32.2, d.f. 5 7, 52, P , 0.001; Fig. 1C ). EWL measured at the lower critical temperature (T lc ), which is a standardized value useful for comparison of EWL between species (equivalent to BMR for metabolic rate), was 1. ; F 5 93.9, d.f. 5 1, 56, R 2 5 0.75, P , 0.001).
There was a significant relationship between EWL and log body mass for dasyurids by conventional regression (log 10 EWL 5 0.904 + 0.703 log 10 M; R 2 5 0.84, F 5 54, d.f. 5 1, 10, P , 0.001), with the standard EWL of kalutas (99 mg/h; 39% of predicted) falling below the lower 95% prediction limit. There was a strong phylogenetic signal for EWL (k* 5 0.947, P , 0.001), but not for EWL independent of body mass (mg g 20.703 h 21 ; k* 5 0.208, P 5 0.695). The phylogenetically predicted EWL for kalutas was 254 mg/h. After autocorrelation correction for phylogeny, there was still a significant allometric relationship log 10 EWL 5 0.298 + 0.640 log 10 M (R 2 5 0.44, F 5 7.7, d.f. 5 1, 10, P 5 0.019), but the phylogenetically corrected EWL for kalutas fell within the 95% confidence limits.
Both C wet and C dry varied significantly with T a (F 5 17.5, d.f. 5 6, 47, P , 0.001; F 5 6.0, d.f. 5 6, 46, P , 0.001; Fig. 1 D) . There was a significant linear increase in C wet from T a 5 26uC (1.62 6 0. . For 3 kalutas, T b was less than T a so the direction of heat flow was reversed (i.e., heat gain rather than heat loss). The C dry at 38uC of 4.6 6 2.81 J g 21 h 21 uC 21 was not significantly different (Student-Newman-Keuls P 5 0.705) from that at 33uC (6.5 6 1.17 J g 21 h 21 uC 21 ) or 35uC (Student-Newman-Keuls P 5 0.755).
There was a significant allometric relationship for C wet of dasyurids (log 10 C wet 5 0.473 + 0.596 log 10 M; R 2 5 0.952, F 5 334, d.f. 5 1, 17, P , 0.001). The thermoneutral C wet of kalutas (168 J h 21 uC 21 ) was 91% of predicted (178 J h 21 uC 21 ) and fell within the 95% prediction limits for dasyurids. There was a significant phylogenetic signal for C wet (k* 5 1.275, P , 0.001), but not for mass-corrected C wet (J g 20.60 h 21 uC 21 ; k* 5 0.349, P 5 0.386). The phylogenetically predicted C wet for kalutas was 223 J g 21 h 21 uC 21 . After autocorrelation correction for phylogeny, there was still a strong allometric relationship log 10 C wet 5 20.016 + 0.594 log 10 M (R 2 5 0.56, F 5 20.3, d.f. 5 1, 16, P , 0.001), and kalutas again fell within the 95% prediction limits.
The kaluta's C dry was 55% of predicted (87.3 J h 21 uC 21 ) but fell within the 95% prediction limit of the significant allometric relationship (log 10 C dry 5 0.6825 + 0.788 log 10 M; R 2 5 0.88, F 5 75.9, d.f. 5 1, 10, P , 0.001). There was a significant phylogenetic signal for C dry (k* 5 0.257, P 5 0.039), but not for mass-corrected C dry (J g 20.79 h 21 uC 21 ; k* 5 0.352, P 5 0.350). The phylogenetically predicted C dry was 63 J h 21 uC 21 . After autocorrelation correction for phylogeny, the strong allometric relationship for C dry remained, log C dry 5 0.331 + 0.850 log M (R 2 5 0.64, F 5 18.0, d.f. 5 1, 10, P 5 0.002). Kalutas fell within the 95% prediction limits for this allometric relationship.
Evaporative quotient and RWE.-There was a highly significant effect for normothermic kalutas of T a on EQ (F 5 50.5, d.f. 5 7, 51, P , 0.001), ranging from 2.13 6 0.18 mg H 2 O/ml O 2 at 11uC to 6.93 6 0.67 mg H 2 O/ml O 2 at 38uC. This relationship was significantly quadratic (P , 0.001). However, there was no significant quadratic term to EQ from 11uC to 21uC, and from 31uC to 38uC, indicating that these segments were linear (EQ 5 0.163 + 0.029 T a , R 2 5 0.42, F 5 12.8, d.f. 5 1, 18, P 5 0.002; EQ 5 216.8 + 0.648T a , R 2 5 0.68, F 5 64.9, d.f. 5 1, 30, P , 0.001). Similarly, there was a highly significant overall effect of T a on RWE (F 5 235, d.f. 5 1, 61, P , 0.001), decreasing from 1.37 6 0.137 at T a 5 11uC to 0.084 6 0.005 at T a 5 38uC (F 5 235.2, d.f. 5 1, 61, P , 0.001; Fig. 2) . The relationship was significantly quadratic (P 5 0.007), but was linear for 11-35uC (quadratic P 5 0.087; RWE 5 1.83 2 0.052T a ; R 2 5 0.82, F 5 218, d.f. 5 1, 47, P , 0.001). The point of relative water economy (PRWE; T a where RWE 5 1) was 16.1uC for normothermic kalutas (Fig. 2) .
Torpid kalutas.-Torpor was observed at T a 5 11uC (n 5 7), 16uC (n 5 8), and 21uC (n 5 8). We did not measure T b during torpor for all kalutas, because this would have required removing them from the metabolic system to manually measure T b , resulting in arousal, but we measured T b for some individuals after it was apparent that torpor _ V V O 2 and EWL had attained a steady and minimal level (Fig. 1A) . The lowest T b s measured during torpor were 18.3uC at T a 5 11uC, 23.5uC at T a 5 16uC, and 22.3uC at T a 5 21uC.
Torpor was associated with a significant reduction in _ V V O 2 (F 5 270.3, d.f. 5 1, 41, P , 0.001) and EWL (F 5 58.7, d.f. 5 1, 41, P , 0.001) compared to normothermic values (Fig. 1B) at T a 5 11uC. These were 49% 6 5.4%, 30% 6 4.5%, and 26% 6 5.5% of EWL during normothermia at T a 5 11uC, 16uC, and 21uC, respectively. Torpor significantly increased EQ above and reduced RWE below normothermic values (F 5 62.9, d.f. 5 1, 41, P , 0.001; Fig. 2 ). For torpid kalutas, the EQ at T a 5 11uC, 15uC, and 21uC was .1 and significantly higher than for normothermic individuals at the equivalent T a (t 5 5.5, d.f. 5 6.5, P 5 0.001; t 5 3.8, d.f. 5 7.6, P 5 0.007; and t 5 3.8, d.f. 5 8, P 5 0.005, respectively). RWE during torpor ranged from 0.38 6 0.054 at T a 5 11uC to 0.52 at T a 5 16uC and 0.42 6 0.054 at 21uC and was 23% 6 2.2%, 45% 6 5.9%, and 60% 6 9.1% of RWE during normothermia at T a 5 11uC, 16uC, and 20uC, respectively. Torpid kalutas had a significantly lower RWE than normothermic individuals at 11uC (t 5 6.7, d.f. 5 8, P , 0.001) and 16uC (t 5 3.9, d.f. 5 14, P 5 0.002), and RWE was always ,1 during torpor.
DISCUSSION
About 47% of all dasyurid marsupials occur in the arid zone, and these dasyurids comprise a substantial component of Australia's arid-zone fauna (Geiser 2004; Withers et al. 2004) . Their routine use of short-term daily torpor with its associated energetic and hygric benefits is an important factor contributing to their success in this challenging environment, along with behavioral adaptations such as reduced activity, basking, huddling in groups, use of nests, and choice of a thermally favorable nest site (Frey 1991; Geiser 2004) . The little red kaluta resembles other arid-zone dasyurids in many aspects of its physiology. Its low BMR and EWL are beneficial in an arid environment, and are accounted for by a combination of low T b and phylogeny. The kaluta also has a lower-than-predicted body mass; small body mass is an adaptation to the aridzone conditions of low and patchy food supply, and allows them to occupy refugia that could not be used by larger animals. A low and thermolabile T b , high point of RWE, and use of torpor promote energy and water savings at environmental extremes.
All physiological variables for dasyurids were significantly related to body mass (67-98% of variation accounted for by body mass). This is not surprising considering the substantial allometric effect on physiological variables for marsupials in general (e.g., Withers et al. 2006) . Body mass and all physiological variables of dasyurids also had a significant phylogenetic signal, indicating that it was necessary to account for phylogenetic history when comparing the kaluta to predictive allometric regressions to infer environmental adaptation for any deviations from expected for this species. However, the strong phylogenetic signal in body mass accounted for the signal in BMR, EWL, C wet , and C dry , because their mass-independent values did not retain a significant phylogenetic pattern.
Body mass.-The body mass of kalutas (35 g) is only 18% of that predicted (200 g) by its phylogenetic position among the dasyurids. This substantially lower-than-predicted mass of kalutas reduces their absolute energy and water requirements to 27% of the absolute BMR and 30% of the absolute EWL for a 200-g dasyurid, and may be interpreted as an adaptation to the low and unpredictable food availability in an arid environment. This is consistent with the ''resource limitation hypothesis'' (e.g., Roth 1990 ) that has been invoked to explain the adaptive value of small size for desert foxes (Williams et al. 2002 (Williams et al. , 2004 .
Thermoregulation.-The T b of kalutas within thermoneutrality (33.5uC) was 1.5uC lower than predicted (35.0uC), but this difference was not significant. The allometric relationship for marsupial T b was relatively weak (R 2 5 0.37 compared to R 2 5 0.98 for BMR, 0.84 for EWL, 0.95 for C wet , and 0.64 for C dry ) and thus had wide prediction limits that make it difficult to show differences. There was no significant allometric relationship for T b after phylogenetic correction. Kalutas were quite thermolabile, being both hypothermic at low T a and hyperthermic at high T a . The change in T b from T a 5 11uC to 35uC of more than 0.32uC/uC is greater than that calculated for a variety of other dasyurids of 0.064 6 0.018uC/uC over an equivalent T a range (Cooper et al. 2005; Frey 1991; Geiser 1986; Baudinette 1987, 1988; MacMillen and Dawson 1986; MacMillen and Nelson 1969; Withers 1992b; Withers et al. 1990 ).
The somewhat low and variable T b of kalutas may be an important energy and water conservation strategy in a habitat characterized by extreme environmental conditions, with temporal and seasonal fluctuations in availability of prey and water. A T b of 33.5uC for kalutas confers a 14% energy saving (if Q 10 5 2.5-Guppy and Withers 1999) compared to an average dasyurid T b of 35uC. Mild hypothermia at T a below the thermoneutral zone reduced energy expenditure by 37% at T a 5 11uC (T b 5 28.5uC) and 16% at T a 5 26uC (T b 5 31.6uC), compared to if the kaluta had maintained their thermoneutral T b of 33.5uC. Hyperthermia at higher T a increases energy expenditure due to the Q 10 effect on MR but reduces the use of water for evaporative cooling (e.g., Tieleman and Williams 1999) . At T a 5 38uC, MR is 55% higher at T b 5 38.3uC compared to T b 5 33.5uC. However, if T b had been regulated at 33.5uC (calculated from the actual C dry at T a 5 38uC), the EWL would be about 12.2 mg g 21 h
21
, which is 175% of the actual EWL at T a 5 38uC and T b 5 38.3uC, and 865% of EWL in thermoneutrality. Maintaining a favorable thermal gradient for passive heat loss therefore saves about 11 mg H 2 O g 21 h
. Use of torpor by kalutas (although not described previously for this species) was expected, because heterothermy in marsupials has a strong phylogenetic pattern (Cooper and Geiser 2008) and dasyurid marsupials typically use shallow daily torpor (Geiser 1994 (Geiser , 2003 (Geiser , 2004 . Kalutas showed a high propensity to enter torpor at T a s from 11uC to 21uC, and this resulted in significant absolute energy and water savings of 88-86% and 74-51% of normothermic expenditure, respectively. Minimum torpor T b for kalutas is about 20uC, which is consistent with other dasyurids (range 11-28uC-Geiser 1994) . MR during torpor is about 10-60% of BMR for dasyurids, and energy savings resulting from torpor are about 70% of normothermic MR at the same T a (Cooper et al. 2005; Geiser 1994 Geiser , 2004 . EWL during torpor has only been measured for 2 other marsupials, the striped-faced dunnart (Sminthopsis macroura- Cooper et al. 2005 ) and the gracile mouse opossum (Gracilinanus agilis- Cooper et al. 2009 ). Both of these species had significant reductions in EWL during torpor, ranging from 58% to 77% of normothermic values for the dunnart and 32% to 69% for the mouse opossum. The water savings during torpor for kalutas (51-74%) are consistent with these.
Metabolic rate.-The BMR of kalutas was significantly lower than predicted (59%) for a dasyurid marsupial. A low BMR has been reported for other desert mammals and birds (Bozinovic and Marquet 1991; Degen 1997; Golightly and Ohmart 1983; Lovegrove 2003; MacMillen 1983; McNab and Morrison 1963; Noll-Banholzer 1979 ; but see Williams et al. 2004 ). This presumably translates into a reduced field MR (Cooper et al. 2003) , and is therefore advantageous in reducing total energy requirements and endogenous heat production in an arid environment characterized by high T a , or low primary productivity, or both (Mueller and Diamond 2001; White et al. 2007 ). There is no evidence of an elevated BMR for carnivorous marsupials but see McNab 1986b) , unlike that observed for placental carnivores (McNab 1986a (McNab , 1992 Muñoz-Garcia and Williams 2005) .
The low BMR of kalutas results from a combination of low T b , phylogeny, and/or aridity. BMR of kalutas is not significantly lower than the lower 95% prediction limit of the dasyurid allometric relationship when BMRs of all species are corrected to a T b of 35uC (kalutas are then 67% of predicted, falling within the 95% prediction limits). Accounting for the phylogenetic pattern in dasyurid BMR also removed the significant difference between observed and expected BMR for kalutas. Because there also was a significant phylogenetic signal in habitat aridity for dasyurids, removing the phylogenetic effect on BMR also would remove an effect of habitat aridity. Consideration of mass-independent MR (ml O 2 g 20.736 h 21 ), which had no phylogenetic signal, indicates a significantly lower mass-independent MR for the clade of Dasykaluta-DasycercusPseudantechinus-Dasyuroides compared to the other dasyurids (t 5 2.9, d.f. 5 17, P , 0.01). Thus, the kaluta's low MR is similar to that of its nearest relatives, which also have arid distributions and associated low BMRs.
Thermal conductance within the thermoneutral zone conformed closely to allometrically predicted values before and after correction for phylogenetic history. At T a 5 33-38uC, C dry was maximal and constant (5.4 J g 21 h 21 uC 21 ), suggesting that this is the upper limit for circulatory and postural facilitation of heat loss. The evaporative component of heat exchange, which reflects the difference between C wet and C dry , ranged for kalutas from 1.1 to 6.9 mg g 21 h 21 , increased as expected at higher T a as the T a 2 T b differential was reduced, and provided less scope for nonevaporative heat dissipation. Additional heat loss at high T a was achieved only by increased EWL, which dissipated 90% of metabolic heat production at T a 5 38uC compared to 31% at a thermoneutral T a of 31uC and 6% at a low T a of 11uC.
Water economy.-Kalutas had a significantly lower-thanexpected EWL compared to other dasyurids, consistent with reduced water requirements in their arid habitat. Arid-zone marsupials generally have a low EWL , as do small, desert-dwelling placental mammals (Bradley and Yousef 1972; Hart 1971) , desert foxes compared to relatives from mesic habitats (Williams et al. 2002 (Williams et al. , 2004 , and desert oryx compared to other arid-zone ungulates (Ostrowski et al. 2006) . However, kalutas did not differ from the allometric EWL relationship for dasyurids after correction for phylogeny; as for BMR, accounting for phylogeny could simultaneously account for habitat aridity.
There are few comparative data available for the water economy of marsupials. Within thermoneutrality, the EQ of kalutas (2.6 mg H 2 O/ml O 2 ) was between that of neotropical gracile mouse opossums (3.0 mg H 2 O/ml O 2 - Cooper et al. 2009 ) and arid-zone stripe-faced dunnarts (2.0 mg H 2 O/ml O 2 - Cooper et al. 2005) . All are comparatively high compared to a number of placental mammals, which range from 0.5 to 1.2 mg H 2 O ml/O 2 (Hudson 1962; MacMillen 1965) . At low T a , the low EQ and high RWE of kalutas, compared to those of the stripedfaced dunnart, reflect the relatively low EWL of kalutas at low T a s rather than a particularly high MR and MWP. Similarly, the relatively low EQ and high RWE of the gracile mouse opossum at low T a (Cooper et al. 2009 ) also reflect its relatively low EWL at low T a . It therefore seems that attaining a high RWE at low T a for marsupials is more a function of keeping EWL low than increasing MWP. Presumably this results from a different balance for kalutas (and gracile mouse opossums) between respiratory EWL, which increases at low T a because MR increases, and cutaneous EWL, which decreases at low T a , compared to stripe-faced dunnarts. This many reflect more efficient nasal countercurrent heat and water exchange in kalutas and mouse opossums than in dunnarts.
The PRWE, where EWL 5 MWP, is an index of a species' adaptation to limited water availability and is useful for interspecific comparison (MacMillen 1990; MacMillen and Hinds 1983) . Granivorous heteromyid rodents have a PRWE of 14-26uC (MacMillen and Hinds 1983) , whereas the PRWE of granivorous birds varies with body mass from 218uC for large species to 18uC for small species; a 35-g granivorous bird has a predicted PRWE of about 12uC (MacMillen 1990; MacMillen and Baudinette 1993) . Hinds and MacMillen (1986) calculated the PRWE for dasyurid marsupials to be about 23.3uC, and Cooper et al. (2005) found that the stripefaced dunnart (S. macroura) had a PRWE , 10uC (they did not attain positive water economy at T a . 10uC). The high PRWE of 16uC for the kaluta is equivalent to that of granivorous arid-zone mammals, despite its water-rich carnivorous-insectivorous diet, and this could be an adaptation to its association with very arid areas. However, the neotropical gracile mouse opossum (G. agilis) also has a relatively high PRWE, about 12uC (Cooper et al. 2009 ) but a distribution less associated with arid habitats. Clearly, more data are required for EQ, RWE, and PRWE of marsupials to thoroughly investigate the diversity of their water economies, and determine environmental correlates and mechanisms of water economy for this interesting taxonomic group.
